Tick-borne encephalitis (TBE), a viral infection of the central nervous system, is endemic in many Eurasian
Tick-borne encephalitis (TBE) is a zoonotic arbovirus infection of the central nervous system affecting humans (10) . With approximately 3,000 cases annually in Europe and about 11,000 cases annually in Russia, it is the most important tickborne viral disease of humans in Eurasia (17, 19) . TBE is caused by the tick-borne encephalitis virus (TBEV), a member of the genus Flavivirus within the Flaviviridae family (18) .
TBEV was first isolated in 1937 in far-eastern Russia (44) . Based on the sequence of the envelope gene, the virus is taxonomically classified into European, Siberian, and Far Eastern subtypes (11) . Whereas encephalitis caused by European subtype viruses is usually mild with a fatal outcome of 1 to 5% (14) , Far Eastern strains cause severe encephalitis with a case fatality rate of 20 to 60%. Siberian subtype isolates produce a less severe disease, but with a tendency for development of chronic infections (16, 17) .
TBEV is typically transmitted by tick bites. Ixodes ricinus, a three-host tick with larval, nymphal, and adult male or female stages, is known to be the principal vector of European subtype TBEV (30) . Rarely, alimentary routes of transmission have been described (15) . Ticks are infected chronically throughout their life cycle (17) . In addition to this transstadial transmission, the virus is spread transovarially (6) or between ticks feeding on the same host (21) . As they are more numerous than adults, nymphs are thought to be the most important stage in the transmission of the virus (39) .
Between 1990 and 2007, an increase of 317.8% in registered TBE cases in Europe was observed. This disease spread may have been favored by many factors, including climate change and social, political, ecological, economic, and demographic factors (40) . As it was the case in many European countries, an increase in TBE morbidity was also observed in Switzerland and Germany, where the European subtype TBE virus was found to circulate within foci of endemicity limited to strict regions (2, 25, 42) . Except for several studies focusing on restricted geographic areas (2, 43) the actual rate of TBEV infection of ticks in Switzerland is not known, and current Swiss distribution maps of TBEV are based on human disease cases (13) . However, since mass vaccination programs have been introduced in Switzerland, alternative methods for predicting foci of endemicity are required.
Molecular biological methods are a convenient tool for studies of the prevalence of tick-borne pathogens. So far, however, such methods have not been standardized (8) . Reverse transcription-PCR (RT-PCR) assays to detect TBEV RNA in ticks have been described previously (28, 33, 34, 36, 37, 43 ). Many of the described protocols exhibit unsatisfactory sensitivity and specificity (7) and do not include an internal process control (IPC) which would detect presumed inhibitors.
Likewise, numerous approaches for nucleic acid (NA) extraction from ticks using conventional precipitation or commercial purification kits based on silica gel or magnetic particle technology (2, 5, 38, 43) have been described. In addition, sample preparations using Chelex resin have been specified, allowing (RT-)PCR detection of pathogens without NA purification (33) . However, most of these protocols describe a single-tube assay not suitable for large-scale surveillance studies.
As the endemicity of TBEV in Switzerland is largely unknown, we intended to perform a national screening of ticks for the presence of this virus using a high-throughput method. Thus, the aims of the present study were as follows: first, to develop and validate a one-step duplex real-time RT-PCR system for the specific detection of European subtype TBEV in ticks, including an internal process control; second, to establish and evaluate an automated high-throughput nucleic acid extraction method using the magnetic particle-based QIAsymphony SP system (Qiagen); and third, to assess the TBEV prevalence in ticks collected in areas of Switzerland of potential endemicity and in areas where the virus is not endemic.
MATERIALS AND METHODS
Viral strains and cell culture conditions. Tick-borne encephalitis virus (TBEV) strains used for real-time RT-PCR and sample preparation method development were kindly provided by Daniel Růžek (University of South Bohemia, Č eské Budějovice, Czech Republic) or were acquired from the National Collection of Pathogenic Viruses (NCPV) (Wiltshire, United Kingdom) ( Table  1 ). Viral strains classified as biosafety level 4 pathogens (as defined by the Swiss Agency for the Environment, Forests and Landscape) were supplied in an inactivated form. We used the porcine kidney stable (PS) cell line for the propagation of all TBEV strains and other viruses of the TBEV complex. The cell line was maintained in L-15 medium (Leibowitz, Biochrom AG, Berlin, Germany) supplemented with 1% glutamine, 5% fetal calf serum, 1% penicillin-streptomycin, 2 Corning culture flasks (SigmaAldrich, Basel, Switzerland) at 37°C. Thirty minutes before inoculation, the culture medium of PS cell monolayers was renewed with 2.5 ml of fresh medium. Subsequently, cells were inoculated with 100 l of either virus culture supernatant or tick homogenate and incubated for 1 h at room temperature. At 1 h postinfection, we added 12.5 ml of culture medium to a total volume of 15 ml, and cultures were incubated for 6 days at 37°C.
We used an avirulent-phenotype mutant strain of the infectious mengovirus (vMC 0 ; Cardiovirus, Picornaviridae) (9, 23) as an internal process control (IPC); the plasmid pMC 0 and the virus derived from it were kindly provided by Maria Isabel Costafreda (University of Barcelona, Spain). The virus was propagated in HeLa cell cultures (ATCC CCL-2) as described before (9, 23) . Cell cultures showing a cytopathic effect of 75% were frozen and thawed once and diluted in Dulbecco's phosphate-buffered saline (PBS) without Ca 2ϩ and Mg 2ϩ (D-PBS) (Biochrom AG) to yield a concentration of 5 ϫ 10 6 viral genome equivalents/ml. Aliquots were stored at Ϫ80°C for further use as IPC.
Primer and probe design. The specific primers and hydrolysis probes for the detection of the European subtype TBEV (envelope gene; 5Ј-FAM and 3Ј-BHQ-1) and mengovirus mutant strain vMC 0 (5Ј-noncoding region; 5Ј-JOE and 3Ј-BHQ-1) were designed using Primer Express software v3.0 (Applied Biosystems, Foster City, CA) and purchased from Microsynth (Balgach, Switzerland).
RNA standards. Two RNA standards were generated for the validation of both the TBEV-and the mengovirus vMC 0 -specific real-time RT-PCRs. Restriction enzyme digestion, cloning, subcloning, and DNA electrophoresis were done using standard techniques (35) . Specific cDNA sequences were synthesized and PCRs were performed using Herculase II Fusion DNA polymerase (Stratagene, Zurich, Switzerland). The synthetic fragments were digested with 5Ј EcoRI and 3Ј SalI and ligated into a pGEM3zfp cloning vector (Promega, Madison, WI) using T4 DNA ligase (New England Biolabs, Bioconcept, Alschwil, Germany). TOP10 Escherichia coli (One Shot Top10 Electrocomp E. coli; Invitrogen Life Technologies, Basel, Switzerland) was transformed by electroporation. Plasmid DNA was prepared with the Qiagen plasmid maxi kit (Qiagen, Düsseldorf, Germany) and linearized with the restriction enzymes SalI and XbaI. Two micrograms of the linearized DNA was gel purified with the QIAquick gel extraction kit (Qiagen) and used for in vitro transcription with a riboprobe in vitro transcription system with T7 RNA polymerase (Promega). The resulting RNA was purified using NucAway spin columns (Applied Biosystems/Ambion, Rotkreuz, Switzerland). All steps were performed by Solvias (Basel, Switzerland). The copy numbers of the standard RNAs were calculated using the Mongo Oligo mass calculator v2.06 (Jef Rozenski, University of Utah).
One-step real-time RT-PCR and cycling conditions. Single and duplex onestep real-time RT-PCRs were performed using the QuantiFast probe RT-PCR kit (Qiagen). The real-time RT-PCR conditions were as follows: 12.5 l of 2ϫ QuantiFast probe RT-PCR master mix, 0.25 l of QuantiFast RT mix, 2 l of each primer stock (10 M), 0.5 l of the probe stock (10 M), 2 l of sample, and RNase-free water to adjust the volume to 25 l. Pipetting was performed with the CAS-1200 liquid-handling system (CAS Robotics 4 version 4.7.98 software; Corbett Robotics Pty Ltd., Queensland, Australia) into 96-well Twin.tec real-time PCR plates (Eppendorf AG, Hamburg, Germany). Plates were sealed with a 230-V heat sealer (Eppendorf), and amplification was performed using a Mastercycler ep realplex S (Eppendorf). The cycling conditions for the amplification were as follows: reverse transcription at 50°C for 10 min, an initial PCR activation step at 95°C for 5 min, and 45 cycles of two-step cycling for 10 s at 95°C and 30 s at 60°C.
Real-time RT-PCR specificity. To confirm the specific detection of European subtype TBEV as well as mengovirus vMC 0 in the duplex assay, we tested a total of 40 microorganisms, including other flaviviruses, other tick-transmitted pathogens, and two members of the Picornaviridae family (Table 1) .
Real-time RT-PCR sensitivity. The limit of detection (LOD) is defined as the minimal amount of standard RNA that can be detected with a probability of 95%. We prepared 20ϫ 10 and 20 copies/l of TBEV and vMC 0 standard RNAs diluted in Tris-EDTA buffer solution (Sigma-Aldrich) to identify the LOD of the RT-PCR.
Real-time RT-PCR efficiency, linearity, and effective range. The linearity of the real-time RT-PCR was determined by assaying 10 replicates of Tris-EDTA buffer solution spiked with 10-fold dilutions of standard RNA ranging from 10 1 to 10 7 copies/l. A standard curve (linear regression) was calculated based on the mean quantification cycle (Cq) values. Amplification efficiency was calculated from the log-linear portion of the standard curve using the equation efficiency ϭ 10 Ϫ1/slope Ϫ 1.
Real-time RT-PCR accuracy and precision.
The accuracy of the duplex realtime RT-PCR was defined as the percentage of false-positive and false-negative results. We analyzed Tris-EDTA buffer solution (Sigma Aldrich) spiked with 0 (known true-negative sample), 10, 20, and 50 copies/l of the TBEV and mengovirus vMC 0 standard RNAs. At the same time, the recovery rates were determined using samples spiked with 100, 1,000, and 10,000 copies/l. The assay was repeated four times, with each concentration in five replicates. The recovery rates, in percent, were calculated as the assessed copy number divided by the spiked copy number multiplied by 100. Interassay precision (reproducibility), which indicates the variability between different runs, was assessed by analyzing five replicates of 100, 1,000, and 10,000 standard RNA copies/l in four independent experiments. Intra-assay precision (repeatability), defining variability within the same run, was determined by simultaneously assaying dilution series of 10 replicates with 100, 1,000, and 10,000 standard RNA copies/l.
Homogenization of ticks. Tick samples were prepared from frozen tick pools of 10 nymphs or 5 adult female or male ticks. Six hundred microliters of buffer solution kept at 4°C (see "Optimization of the automated nucleic acid extraction" below) was added to each frozen tick pool. Samples were immediately homogenized using the TissueLyser system (Qiagen). One 3-mm tungsten carbide bead (Qiagen) was added to each tube (collection microtubes; Qiagen), and tick pools were homogenized for 4 min at 30 Hz. After a short centrifugation step (5 s at 3,220 ϫ g), the supernatants were collected in separate collection microtubes for further use.
Automated nucleic acid extraction using the QIAsymphony SP system. We performed automated nucleic acid (NA) extraction using the QIAsymphony SP system (Qiagen). For this purpose, 200 l of tick homogenate supernatant or cell culture supernatant was inactivated in 800 l of AVL viral lysis buffer (Qiagen). The AVL buffer was supplemented with 3 g of carrier RNA (Qiagen) and a defined amount of the IPC mengovirus vMC 0 (10 4 viral genome equivalents/ sample). NA extraction was performed using the QIAsymphony Virus/Bacteria Midi kit (Qiagen) and a specially adapted protocol (CP Complex 920 FIX v1; Qiagen). RNA was eluted in a final volume of 60 l and either directly used for downstream applications or stored at Ϫ80°C for further use.
Manual total RNA extraction procedure. The efficiency of the automated NA purification was compared to that of a modified guanidinium thiocyanate-phenol-chloroform extraction procedure (4) with Trizol reagent (Invitrogen Life Technologies), which was performed according to the manufacturer's instructions.
Comparison of the manual and the automated nucleic acid extraction procedures. To compare the efficiencies of the automated and the manual NA extractions, various samples were prepared and processed using both methods. In all experiments, we added 5 ϫ 10 3 viral genome equivalents of IPC (mengovirus vMC 0 ) to each sample prior to the NA extraction procedure. Viral genome equivalents were defined by real time RT-PCR analysis using quantified standard RNA. Pools of 10 laboratory-bred Ixodes ricinus nymphal ticks (kindly provided by Daniel Růžek) were homogenized in 600 l of D-PBS and spiked with serial dilutions of TBE virus strain Hypr (GenBank accession no. U39292) (27) ranging from 5 ϫ 10 5 to 5 ϫ 10 2 viral genome equivalents/l. In parallel, we prepared serial dilutions ranging from 5 ϫ 10 4 to 50 viral genome equivalents/l in pure D-PBS solution in order to exclude any matrix effects. Each virus dilution was done in four, replicates and the experiment was repeated on three days. Samples were extracted using both the QIAsymphony SP system and the modified guanidinium thiocyanate-phenol-chloroform protocol, and the RNA recovery rates were compared.
Optimization of the automated nucleic acid extraction. To optimize the NA recovery using the QIAsymphony SP system, four different D-PBS solutions were compared for homogenization of laboratory-bred ticks. We compared the standard procedure using pure D-PBS to protocols using D-PBS supplemented either with InhibitEX tablets (one tablet in 20 ml of buffer; Qiagen), with Complete protease inhibitor cocktail mini tablets (one tablet in 10 ml of buffer; Roche Diagnostics, Rotkreuz, Switzerland), or with bovine serum albumin (BSA) (100 g/ml; Sigma-Aldrich). Homogenates were spiked with serial dilutions of TBEV (strain Hypr) ranging from 5 ϫ 10 5 to 5 ϫ 10 2 viral genome equivalents/l, and RNA was extracted using the QIAsymphony SP system. In parallel, we spiked serial dilutions ranging from 5 ϫ 10 4 to 50 viral genome equivalents/l into pure solutions (not containing any tick cell debris) in order to exclude any matrix effects. Each sample extraction was performed in duplicate, and the experiment was repeated three times. We compared the RNA recovery rates and selected an optimal homogenization buffer.
Comparison of the manual and the optimized automated procedures for the analysis of naturally infected ticks. Both the optimized automated NA purification protocol and the manual total RNA extraction procedure were finally applied to a total of 162 pooled tick samples (257 adults and 960 nymphs). We collected these ticks in a known area of TBE endemicity of Switzerland. Ticks were homogenized in D-PBS supplemented with InhibitEX at a concentration of one tablet/20 ml as described above. Two hundred microliters of each sample was VOL. 76, 2010 HIGH-THROUGHPUT PROCEDURE FOR TBE TICK SURVEYS 4243 used for NA purification with the QIAsymphony SP system, and 100 l was used for the manual total RNA extraction procedure. We also added 5 ϫ 10 3 viral genome equivalents of IPC (mengovirus vMC 0 ) to each sample. After extraction, viral RNA was quantified using the one-step duplex real-time RT-PCR assay.
Exclusion of inhibitory or toxic effects of InhibitEX on TBEV propagation in PS cells. Since TBEV-PCR-positive tick homogenates will be applied to cell culture in order to isolate and propagate viable viruses, any toxic or inhibitory effect of the D-PBS homogenization buffer solution supplemented with InhibitEX had to be excluded. Therefore, PS cell monolayers (cultured in 25-cm 2 Corning culture flasks [Sigma-Aldrich]) were supplemented with 100, 200, or 1,000 l of InhibitEX solution (one tablet/20 ml of D-PBS) and inoculated with TBE virus (strain Hypr) as described above, with each approach performed in triplicate. The cell cultures were incubated at 37°C for 4 days. To monitor virus propagation, we extracted RNA using the QIAsymphony SP system and quantified the viral load by one-step real-time RT-PCR every day.
Tick sampling. The required sample size for estimating the TBEV prevalence in a cross-sectional study was calculated using the formula n ϭ [(1.96 ϫ SD)/L] 2 , with SD being the standard deviation of the expected prevalence and L being the desired precision. With an expected virus prevalence of 0.5% (10, 25, 31) , 765 ticks have to be analyzed in order to obtain a prevalence estimate with a 95% level of confidence (CL) and a precision of Ϯ0.50%. On average, about 400 ticks were collected in one area. This sample size allows for a prevalence estimation with a 95% CL and a precision of Ϯ0.70% (n ϭ 390) if the prevalence turns out to be the expected value of 0.5%. A total of 62,343 questing ticks were collected at 165 collection sites throughout Switzerland by flagging low vegetation. Ticks were randomly identified based on morphological characteristics and immediately stored at Ϫ80°C. Subsequently, ticks were washed once in 75% alcohol and twice in deionized water, dried on paper towels, and sorted into pools of 10 nymphs or 5 adult male or female ticks. Pooled samples were stored at Ϫ80°C until further processing. The biostatistical rationale of pooling has been described elsewhere (1) .
Screening for the presence of European subtype TBEV in ticks. Tick pools were screened for the presence of European subtype TBEV using the optimized automated NA extraction protocol and the established one-step duplex real-time RT-PCR assay (including IPC). The resulting data show an estimate of the TBEV prevalence in ticks for the 165 collection sites in Switzerland. For all samples giving a TBEV-positive PCR test result, we performed virus isolation experiments as described above.
Data analysis. We calculated the one-step duplex real-time RT-PCR efficiencies using the LinRegPCR software version 11.5.0.0 (29) . Efficiencies and Cq values of real-time RT-PCRs were compared by two-way analysis of variance (ANOVA) using the software GraphPad Prism version 4.0. (GraphPad Software, Inc., La Jolla, CA); a P value of Ͻ0.05 was regarded as significant. To compare the virus propagations in cell cultures treated with different concentrations of InhibitEX solution we performed a one-way ANOVA, and a P value of Ͻ0.05 was regarded as significant. Maximum-likelihood estimators of TBEV prevalence at each collection site were calculated using an online calculation tool of the Australian Biosecurity Cooperative Research Centre for Emerging Infectious Diseases (http://www.abcrc.org.au). The tool uses a generalized linear model to calculate the maximum-likelihood estimate and confidence limits of the estimated prevalence for variable pool sizes, assuming perfect test sensitivity and specificity (12) . Stage-specific prevalences were calculated according to the formula r ϭ 1 Ϫ (1 Ϫ X p /n p ) 1/c with r being the estimated prevalence, X p being the number of test-positive pools, n p being the number of analyzed pools, and c being the pool size.
RESULTS

Robustness of the real-time RT-PCR.
The one-step duplex real-time RT-PCR appeared to be highly robust. An elongation of the reverse transcription step to 20 or 30 min and use of various primer concentrations (0.4 to 1.0 M) did not improve the results of the assay (data not shown). Performing the one-step duplex reaction using the QuantiTect multiplex RT-PCR kit (Qiagen) instead of the QuantiFast probe RT-PCR kit yielded slightly inferior reaction efficiencies and somewhat higher Cq values, mainly for low RNA concentrations (50 and 500 copies/l) (data not shown).
Analytical specificity of the one-step duplex real-time RT-PCR assay. The primers and hydrolysis probes used in the one-step duplex real-time RT-PCR assay are listed in Table 2 . All European subtype TBEV isolates were successfully detected (mean reaction efficiency, 0.815). Minor, nonsignificant reactions with TBEV Vasilchenko and TBEV Aina (both Siberian subtype) were recorded, with reaction efficiencies of 0.053 and 0.178, respectively (data not shown). We did not observe any nonspecific amplification of all tested flaviviruses, other tick-transmitted bacteria and parasites, or members of the genus Picornaviridae (Table 1) .
Analytical sensitivity of the real-time RT-PCR assay. The LOD of the one-step duplex real-time RT-PCR assay is 10 standard RNA copies/l for the detection of both TBEV and the IPC.
Real-time RT-PCR efficiency, linearity, and effective range. The assay was linear over the range of 10 1 to 10 7 copies/l. The fitted linear model for TBEV quantification had a correlation coefficient (r 2 ) of 0.9997, with a P value of 2.46 ϫ 10 Ϫ10 . The regression analysis for quantification of mengovirus vMC 0 was slightly inferior, with a P value of 1.444 ϫ 10 Ϫ7 and an r 2 of 0.9966. The estimated efficiencies were 0.97 for the TBEVspecific reaction and 0.92 for the mengovirus-specific reaction.
Real-time RT-PCR accuracy and precision. The false-positive and false-negative rates of the assay are 0%. The recovery rates for 100, 1,000, and 10,000 standard RNA copies/l are given in Table 3 . The data on reproducibility and repeatability of the one-step duplex real-time RT-PCR are summarized in Table 4 . Comparison of the manual and automated nucleic acid extraction procedures. Analyzing buffer samples spiked with 5 ϫ 10 4 to 50 viral genome equivalents/l, we did not observe any significant difference between the two NA extraction protocols (P Ͼ 0.05, Bonferroni posttest following two-way ANOVA). On the other hand, the precipitation method showed a higher RNA recovery for tick samples spiked with 5 ϫ 10 3 and 5 ϫ 10 2 TBE viral genome equivalents/l (P Ͻ 0.001, comparison of Cq values using Bonferroni posttest following two-way ANOVA) (Tables 5 and 6 ). PCR efficiency was not significantly influenced by the RNA purification protocol or by the amount of spiked TBEV (P Ͼ 0.05 for all pairwise comparisons, Bonferroni posttest following two-way ANOVA) (data not shown).
Optimization of the automated nucleic acid extraction. To optimize the automated NA extraction protocol, we compared the RNA recovery rates with the precipitation method and the automated NA extraction protocol (QIAsymphony SP system) for tick homogenates and pure matrix samples spiked with serial dilutions of TBE virus (strain Hypr). While Complete protease inhibitor cocktail mini tablets (Invitrogen Life Technologies) and BSA did not enhance the automated NA extraction (data not shown), RNA recovery from tick homogenates was improved by supplementing D-PBS-buffer with InhibitEX. Thereby, a level of sensitivity equivalent to that of the precipitation method (down to 5 ϫ 10 3 viral genome equivalents/l) could be attained (Tables 5 and 6 ). For pure InhibitEX-D-PBS solutions, the performance of the optimized extraction protocol was significantly improved compared to that of the precipitation method for buffer samples spiked with 5 ϫ 10 4 , 5 ϫ 10 3 , and 50 TBE viral genome equivalents/l. While improving RNA extraction efficiency, however, InhibitEX did not enhance PCR efficiency compared to the precipitation method and the standard automated protocol (P Ͼ 0.05 for all pairwise comparisons, Bonferroni posttest following two-way ANOVA) (data not shown). IPC mengovirus vMC 0 RNA was successfully extracted using all protocols, excluding inhibition during the process of NA extraction (data not shown).
Comparison of the manual and optimized automated procedures for the analysis of naturally infected ticks. One of the 162 investigated pooled samples tested positive for TBEV with a viral load of 5 ϫ 10 5 viral genome equivalents/l and could clearly be identified using both methods. However, the precipitation method yielded a total of 11 questionable results (confirmed to be TBEV-negative by gel electrophoresis [data not shown]). Furthermore, the automated system provided much more reproducible results than the precipitation procedure (coefficient of variation [CV] for IPC quantification of 3.7% for the automated system versus 19% for the precipitation method [data not shown]).
Exclusion of inhibitory effects of InhibitEX on TBEV propagation in PS cells. One-way ANOVA revealed no significant difference (P ϭ 0.4175) in virus propagation in cultures treated with different concentrations of InhibitEX (i.e., 0, 100, 200, and 1,000 l of InhibitEX solution) (data not shown).
Screening for the presence of European subtype TBEV in ticks. A total of 62,343 questing ticks were screened for TBE virus presence. The IPC was successfully detected in all samples, excluding false-negative test results due to inhibition. Among the 165 collection sites, TBEV was found to be endemic in 38, with a mean estimated prevalence of 0.46% (Table 7; Fig. 1 ). The overall mean virus prevalence was higher in female (1.21%) and male (0.74%) adults than in nymphal ticks (0.20%). Virus isolates from 63 out of the 71 PCR-positive samples could successfully be amplified on cell culture. Eight isolates did not proliferate but were detectable by real-time RT-PCR in the virus culture supernatant at unvarying low concentrations throughout the incubation period.
DISCUSSION
Despite the necessity for tick surveys in national TBE surveillance systems, no standardized tool for this purpose has been available so far (8) . Here we present a validated PCRbased, high-throughput analysis system for the detection of TBE viruses in ticks. Its application in a cross-sectional national surveillance study proved the validity and efficiency of the novel procedure.
High specificity of the one-step duplex real-time RT-PCR assay was achieved by designing primers and hydrolysis probes hybridizing with subtype-specific positions of the envelope gene. Interestingly, a primer and probe combination with a one-base overlap between the forward primer and probe allowed the most sensitive and specific detection of European subtype TBEV (Table 2) . A U.S. patent published in 2008 (22) also describes an overlapping primer and probe yielding an efficient PCR. Although minor and particularly inefficient reactions with two Siberian subtype strains of TBEV were recorded, the specificity of the assay was confirmed by negative test results when assaying other flaviviruses as well as other tick-transmitted bacteria and parasites. LODs of TBEV-specific RT-PCRs have previously been evaluated by assaying serial dilutions of mouse brain suspensions (34) or by preparing serial dilutions of in vitro transcripts of a cloned TBEV fragment (37, 43) . We validated the analytical sensitivity but also other key issues of our one-step duplex real-time RT-PCR assay, i.e., the efficiency, linearity, effective range, accuracy, and precision, using self-constructed RNA standards. These quality criteria are a prerequisite to evaluate the performance of the real-time RT-PCR assay and thus to improve the interpretation of test results. Given that the TBEV concentration per infected tick lies between 10 2 and 10 8 PFU, with a mean virus concentration below 10 3 PFU (20) , an LOD of 10 RNA copies/l guarantees reliable detection of TBEV-positive ticks. However, the overestimated recovery rates obtained for the quantification of TBEV (between 139.04% and 169.80%) should be addressed by estimating the effective TBEV concentration in a tick sample.
Inhibitors are known to be present in many environmental samples and to hamper the interpretation of test results. Therefore, the addition of an internal process control at the sample preparation step is mandatory in order to monitor the presence of inhibitory substances and thus to prevent false-negative test results. Whereas most of the described TBEV-specific RT-PCR protocols do not include an IPC (28, 34, 36) , the method described here allows the simultaneous quantification of European subtype TBEV and IPC mengovirus vMC 0 RNA.
A special emphasis should be placed on the benefit of simultaneously extracting both RNA and DNA from tick samples using the Virus/Bacteria Midi kit (Qiagen), which enables the monitoring of any tick-borne pathogen of interest (3, 41) . This is a clear advantage over protocols which, though automated, do not simultaneously extract both DNA and RNA (24) or procedures which, while purifying both RNA and DNA, constitute single-tube approaches (5) .
We compared the RNA extraction efficiency of a standard protocol using the QIAsymphony SP system based on magnetic particle technology to that of the modified guanidinium thiocyanate-phenol-chloroform extraction procedure (4) using Trizol reagent. Whereas both protocols showed similar extraction efficiencies for spiked buffer samples, larger amounts of RNA (as concluded from lower Cq values) were recovered from tick samples using the precipitation method (Tables 5 and 6 ). The lower RNA recovery from tick samples could be explained by the presence of tick residues that could impair binding of NAs to the magnetic particle in the QIAsymphony protocol. These inhibitory effects can be reduced by addition of counteracting substances. Guanidinium thiocyanate, for instance, as a component of lysis buffers, inhibits RNA-degrading enzymes by its chaotropic effect. The performance of experiments involving virus amplification from tick homogenates as a sideline of the proposed analysis system, however, prohibits the application of such cell-toxic substances in the homogenization step. As an alternative, protocols with nontoxic substances such as InhibitEX (Qiagen) were considered. Inhibi- tEX is an adsorption resin provided in tablet form that has previously been shown to remove inhibitors and thus improve pathogen detection in animal samples (26) . As estimated, homogenizing ticks in a buffer solution supplemented with InhibitEX improved NA extraction using the QIAsymphony SP system (Tables 5 and 6 ). This effect, unexpectedly, was even more considerable when processing virus dilution series prepared in pure solutions. Since pure solutions are expected not to contain any inhibitory substances, we suppose that InhibitEX directly affects the subsequent real-time RT-PCR. Further experiments quantifying serial dilutions of viral RNA and standard RNA in pure D-PBS solution or D-PBS supplemented with InhibitEX (both processed in the QIAsymphony SP system and used as diluents) (data not shown) confirmed the positive effect on the amplification step. Although there was no significant improvement of PCR efficiency, the lowered Cq values let us hypothesize that InhibitEX improves RNA accessibility, possibly by reducing the formation of secondary structures. Some components of the absorp- tive resin thus seem to remain in the eluate of magnetic particle-purified samples and affect the real-time RT-PCR. Despite the improvement attributable to the use of InhibitEX tablets, the optimized protocol still performed worse than the precipitation procedure for low virus concentrations (5 ϫ 10 2 virus genome equivalents/l). However, this turned out to be of minor importance when applying the method in our largescale survey; all TBEV-positive samples reached Cq values of between 16.84 and 24.64 (data not shown), corresponding to concentrations obviously higher than 5 ϫ 10 2 viral genome equivalents/l. In addition, the low CVs for the quantification of the IPC confirmed the high reproducibility of the automated method.
The established molecular test procedure proved to be appropriate for tick surveys. We applied the protocol in a national study on the prevalence of TBEV in ticks. The assessed mean virus prevalence of 0.46% in areas of endemicity (Table  7 ; Fig. 1 ) is in agreement with the average virus prevalence of 0.5 to 5% found in foci of endemicity in Europe (10, 25, 31) . While we could confirm endemicity in several regions, no TBEV-positive ticks could be detected in some areas with confirmed human cases of TBE (national surveillance data on human disease cases from 1984 to 2008 were kindly provided by H. P. Zimmermann, Federal Office for Public Health, Switzerland). However, since areas of TBE endemicity are limited to strict regions (foci) (2, 10), the prevalence data derived from the samples in our cross-sectional study may not be generalized. They merely provide an indication of the tick infection rate in the very discrete area under investigation and are valid for only the time of the study. Nevertheless, the data are an important completion of risk assessment and monitoring of TBE in Switzerland. Interestingly, we could identify two new TBE foci in a southern region of Switzerland where TBE was so far not known to be endemic (Canton Valais, communes Salgesch and Raron). We could also detect TBEV-infected ticks in communes (Freienbach [Schwyz], Gersau [Schwyz], and Oensingen [Solothurn]) where only isolated disease cases have been reported. Furthermore, the virus could be detected in a commune (Steinhausen, Zug), where the last disease case was reported 10 years ago. All regions of endemicity were situated between 410 (Gipf-Oberfrick, Aargau) and 890 (Langnau am Albis, Zurich) meters above sea level. For a total of 33 collection sites, the reduced sample size (n Ͻ 200) could lead to a false interpretation of an area with an effective virus prevalence of 0.5% or smaller.
Sixty-three of 71 TBE virus isolates detected by PCR could successfully be propagated on cell culture. Eight isolates, however, though present at low concentrations throughout the incubation period, did not proliferate. It has been suggested that TBE viruses exist as a heterogeneous population that contains virus variants most adapted to reproduction in either ticks or mammals (32) . Probably the ratio of these variants was very high in favor of tick-adapted quasispecies in these eight isolates, whereas virus reproduction in porcine kidney stable cells was inefficient. Further cultivation of the isolates would possibly select mammal-adapted quasispecies, shifting the ratio of the variants and thus enhancing virus propagation in cell culture. This hypothesis has to be confirmed by indirect immunofluorescence, which allows for the quantification of TBEVinfected cells. However, the fact that all virus isolates could be recovered in cell culture excludes false-positive PCR test results. This conclusion is also supported by the successful detection of the internal process control in all tested samples.
In summary, we have developed and validated an analytical system based on PCR which can be applied in tick-borne encephalitis surveillance. The efficiency of the method was confirmed in a tick survey, where more than 60,000 ticks were screened for the presence of TBE virus. For the present, we focused on sensitive detection of TBEV by PCR and subsequent propagation of the virus. Further work will concentrate on the molecular characterization of all TBEV isolates by specific gene sequencing reactions and whole-genome sequencing for detailed taxonomic identification. In addition, all tick samples will be analyzed for the presence of other tickborne pathogens, including species of Rickettsia, Francisella, and Ehrlichia/Anaplasma.
